Humans are exposed to a number of toxic elements in the environment; however, most experiments with laboratory animals investigate only one toxic element. To determine if concomitant exposure to lead (Pb), cadmium (Cd), and/or arsenic (As) modified the changes produced by any one metal in various parameters of toxicity, 168 male, Sprague-Dawley, young adult rats were fed nutritionally adequate diets to which had been added 0 or 200 ppm Pb as Pb acetate, or 50 ppm Cd as Cd chloride, or 50 ppm As as sodium arsenate or arsanilic acid in a factorial design for a period of 10 weeks.
Introduction
Human populations are seldom exposed to only one toxic element in the environment. While a great deal of research utilizing experimental animals has been carried out to study the effects of metals, the great majority of this work has involved administration of one toxic metal. undertaken to determine if concurrent administration of lead, cadmium, and arsenic, changed the severity or type of effect produced by the individual metals, i.e., if interactive effects occurred.
Changes in the renal, hematopoietic, and hepatic systems were of special interest because Pb (1), Cd (2) , and As (3) each have effects on these systems. For example, Pb, Cd, and As each affect specific steps in heme and porphyrin synthesis or metabolism which may not be rate-limiting under conditions of exposure to individual metals. However, their combined effect might produce anemia as shown by decreased hemoglobin concentration or hematocrit. (Inorg As) in one set of diets and as arsanilic acid (Org As) in another set of diets. Analyses of the diets showed that the actual metal content was within 10% of these calculated values. The purpose of testing these two forms of As was to determine if differences in tissue concentrations or toxicity due to chemical form of As would occur at the end of the 10-week period. Tissue concentrations of the metals are not yet available and will be reported later. Concentrations of these metals in brain, bone, liver, and kidney will be measured by plasma emission spectroscopy which will determine concentrations of approximately 20 trace elements. This type of analysis will provide considerable information on interactions between various essential and toxic metals and may provide insight on the mechanisms of toxicity. Some of the parameters measured in this study were initial body weight, final body weight, food consumption, blood pressure (systolic), hemoglobin, hematocrit, and red blood count, porphyrin intermediates, clinical chemistries (blood), kidney and liver weights, light and electron microscopy of liver and kidney, blood lead concentration, blood, brain, kidney, and liver concentrations of As, Cd, and Pb. Generally, they are standard clinical measurements used in assessment of toxicity. Hemoglobin was measured by a cyanohemoglobin technique (5) , and blood urea nitrogen, creatinine, cholesterol, calcium, albumin, total protein, bilirubin, uric acid, alkaline phosphatase and glutamate-oxalate transaminase (SGOT) by the respective methods cited (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) .
Urinary 8-aminolevulinic acid (dALA) was measured by the technique reported by Davis and Andelman (16) .
Fixation and processing of liver and kidney tissue for histological and ultrastructural examination were conducted by previously described methods and instrumentation (17) .
Choice of the rat as the experimental animal in this study was based on its usefulness for investigations of the effects of Pb, Cd, and As. The rat will readily consume a purified diet in which the concentrations of the metal can be closely controlled and the nutritional requirements of the rat are well known. These were considered to be important factors in an experiment of this type in which metal interactions are of interest. Although the rat may have an unusual distribution of tissue arsenic (3) this difference was considered of smaller importance in a longer term toxicity study than in short term metabolic experiments.
Concentrations of Pb (4), Cd (17), and As (18, 19) to be incorporated into the diet were based on information from previous investigations. Concentrations were selected which would produce slight to moderate toxicity, that is, tissue accumulation of the metal with demonstrable morphologic and biochemical changes. The data reported are the results of statistical evaluation using the analysis of variance technique. Levels of significance are shown in each table. In the tables the p value for a main effect or an interaction is reported beside the treatment. This does not mean that the number beside the significance level differs from control but that the overall effect is significant at the magnitude specified in the footnote.
Results
The quantity of food ingested was not significantly affected by the level of Pb or Cd in the diet (Table 2 ), but was reduced by addition of 50 ppm of either form of As to the diet. Weight gain was reduced more by both As and Cd than by Pb. Because the weight reduction observed in animals fed the As diets could be due to reduced food intake, utilization of feed or efficiency of utilization of feed was calculated. Food efficiency utilization was reduced when either Cd or As were fed at the concentrations used in these diets ( Table 2 ). The combined effects of Cd and As were to reduce the food utilization even more than that which occurred with either metal alone.
Administration of Pb, Cd, or As resulted in an increase in the number of circulating red blood cells (Table 3) . Combinations of metals usually produced Environmental Health Perspectives Analysis of blood showed values within the normal range for the laboratory rat for: blood urea nitrogen, creatinine, cholesterol, calcium, albumin, total protein and bilirubin. Serum uric acid concentration was increased by Pb (Table 5 ). Serum alkaline phosphatase activity was decreased by both Cd and As, but was not affected by Pb (Table 5 ). The combination of Cd and As resulted in even greater reductions of alkaline phosphatase activity than that resulting from either metal alone. Alkaline phosphatase activity is derived from a number of different isoenzymes. The specific isoenzyme(s) affected by Cd or As were not determined in the current study. SGOT activity was greatly reduced by administration of As alone.
Both kidney weight and the kidney weight to body weight ratio were increased by elevated levels of Pb in the diet (Table 6 ). Cd and As were without influence on these parameters (Table 6 ). The liver weight/body weight ratio was decreased by dietary Cd but not Pb or As. The effects of these metals were also evaluated by light and electron microscopy.
Liver sections examined by light microscopy from animals on the lead and cadmium treatment specimens were indistinguishable from controls except that some mild parenchymal cell swelling was noted in animals exposed to either form of arsenic. Renal changes characterized by cloudy swelling of cp<0.001. dp < 0.0001.
proximal tubule cells and intranuclear inclusion bodies ( Fig. 1) were observed in animals given diets containing lead with the notable exception of those animals concomitantly exposed to cadmium (Table  7) . These animals had few intranuclear inclusions and relatively little cloudy swelling. Morphological changes in kidneys of animals exposed to combinations of cadmium or either arsenical were relatively slight.
Discussion
The purpose of this study was to evaluate the combined biological effects of Pb, Cd, and As in the rat. Significant interactions between all three metals were relatively infrequent. The most consistent interactions were between Pb and Cd, between Cd and As. Generally, the presence of other metals reduced the magnitude of the Pb effect. Reduction in efficiency of conversion of food energy into body weight gain was the most sensitive of the parameters measured in this study for detecting interactions of two or three metals. Reduced efficiency of food conversion may be an indication of impaired absorption of nutrients from the gastrointestinal tract or of a metabolic defect at the cellular level. Measurements of cellular utilization of carbohydrates in relation to oxidative phosphorylation and generaEnvironmental Health Perspectives August 1977 11"MW--'
.4 The possible mechanisms through which Cd may reduce body burden of Pb are of interest with regard to establishment of safe levels of exposure to toxic compounds in humans and animals. Reduction of body burden of a toxic substance, in this example Pb, may be achieved through a mechanism which is generally deleterious to the health of the organism. Reduction of ability to absorb the toxic compound Pb would be accompanied by reduced ability to absorb nutritionally required elements as well.
Many of the biochemical and hematological parameters reported here have been investigated in epidemiological or clinical studies of human populations. These parameters, however, give only a clinical endpoint picture of a complex metabolic situation and further studies are in process to elucidate the biochemical mechanisms for these phenomena in experimental animals. Rats fed higher levels of dietary Pb showed significantly increased serum uric acid concentrations. Concentrations of urate above 3 mg/dl are unusual in the rat. Whether this is a reflection of impaired renal excretion of urate by the kidney or impaired metabolism of urate by uric acid oxidase in the liver or kidney is not clear. Gouty changes have been described in humans having elevated body burdens of Pb (1). The specific isoenzyme(s) involved in the observed reduction of alkaline phosphatase activity by Cd and As in this study are not known and will be examined in future investigations. Varying degrees of inhibition of different isoenzymes by a metal have been observed, Kshirsagar (22) reported reduced kidney, liver and intestinal alkaline phosphatase activity, but increased bone alkaline phosphatase activity in rats fed diets containing 2% stable strontium. Reduction in SGOT activity was observed in animals fed high levels of As. Administration of other metals, for example, mercury (23)-have resulted in an increase in SGOT, which generally reflects tissue damage. Reduction of activity by dietary As may indicate inhibition of the enzyme by As and further studies are needed to examine this possibility.
The metabolic complexities of multi-element exposure are also illustrated by hematological findings in this study. All animals maintained fairly normal hemoglobin concentrations even though excretion of intermediates in porphyrin and heme synthesis increased several fold. There is a substantial reserve capacity for formation of hemoglobin which is reflected in maintenance of effectively normal hemoglobin concentrations despite two to threefold increases in excretion of intermediate products. Certainly not all heme synthesized goes to the formation of hemoglobin. Maintenance 
